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Abstract—The current work investigated the synthesis possibility of oxidized gum arabic cross-linked pectin/O-car-
boxymethyl chitosan hydrogels (OGA-Pc-O-CMCS) as a pH-sensitive adsorbent vehicle. During the hydrogel fabrica-
tion, the cross-linker oxidized gum arabic (OGA) plays an important role in the enhancement of mechanical stability
and the structural compactness of the hydrogel. The effect of OGA content, reaction time, reaction temperature, and
reaction pH on the hydrogel swelling and crosslink degree was evaluated, modeled, and optimized statistically using
response surface methodology (RSM) based on central composite design (CCD). As the pH of pectin/O-Carboxymethyl
chitosan (Pc-O-CMCS) complexation increased up to 6.0, the swelling degree of the hydrogels decreased regardless of
the concentration of the OGA. The swelling indices of 101.35% and 70.552% showed the optimum RSM results in the
acidic and neutral medium, respectively. The adsorption efficiency of two conventional fluoroquinolones antibiotics
(Levofloxacin (LVX) and Delafloxacin (DLX)) in the optimized hydrogel formulations was investigated. The obtained
results confirmed that OGA concentration was an important parameter in the swelling processes. The adsorption
capacity of the hydrogels was higher in acidic medium (pH 3.9) compared to natural medium (pH 7.1), which indi-
cates the pH-sensitive adsorption behavior of the prepared hydrogel. The maximum antibiotic adsorption occurred
after 12 hours: (66.3-87.5%) and (45-53%) for pH 3.9 and 7.1, respectively. The shape and morphological analysis of
the beads before and after adsorption was performed using field emission scanning electron microscopy (FE-SEM).
The FE-SEM analysis revealed that the shape of the beads changed significantly because of erosion and swelling activ-
ity after antibiotics adsorption. Experimental results exhibited that SIP model fitted best to the isotherm adsorption of
LVX and DLX onto OGA-Pc-O-CMCS hydrogel.
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INTRODUCTION

Drugs discharged in the aquatic environment are a serious prob-
lem that threatens earth and human life. The potential risks of the
drug with bio-active compounds are greater than the others [1].
Antibiotics are highly bioactive compounds that are frequently used
and widespread in the environment and aquatic ecosystems [2].
For example, the existence of fluoroquinolones as commonly used
antibiotics is widely reported in wastewaters and water reservoirs,
such as drinking, surface, ground, and ocean water [3].

Detecting antibiotics in different water reservoirs demonstrates
the importance of their removal from the water by developing effec-
tive techniques [4]. To date, various methods have been reported
for antibiotics removal from water including biodegradation [5],
electrochemical oxidation [6], advanced oxidation [7], photo cata-
lytic [8], and adsorption [9]. Among them, the adsorption method
is more popular and widely used because it is easily performed. In
adsorption methods, different adsorbents are used, such as miner-
als [10], carbon nanomaterials [11], polymer hydrogels [12], and
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composite materials [13].

In contaminated water absorption, non-toxic biocompatible and
bio-degradable absorbents are preferred [14]. For that purpose, nat-
ural polymers such as hydrogels are good candidates [15]. Swell-
ing hydrogels dispersed into the water is disadvantageous and makes
some difficulty for separating the hydrogel particles from the water
[16]. By cross-linking the hydrogel, a bulk body is produced instead
of dispersing particles [17]. One of the extensively used agents for
potential cross-linking the proteins and amino group-containing
polymer in the preparation of hydrogels is OGA [18]. Actually, GA
is a complicated variable mixture of arabinogalactan, glycoproteins,
oligosaccharides, and polysaccharides that is non-toxic and biode-
gradable [19]. OGA is oxidized with periodate and produces alde-
hyde groups by the cleavage of diols present in the sugar units [20].
For antibiotic adsorption, a multi-component polymer system needs
to be designed and optimized for suitable performance [21]. In the
present work, a multi-component hydrogel (Pectin/O-Carboxy-
methyl chitosan and oxidized gum arabic) was designed, formulated,
manufactured and optimized for fluoroquinolone antibiotics adsorp-
tion such as Levofloxacin (LVX) and Delafloxacin (DLX). With
respect to the maximum hydrogel swelling and cross-linked degree,
first the amount of AG, the interaction medium pH and tempera-
ture, and reaction time were optimized. Then the absorption effi-
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ciency of the optimized hydrogel was evaluated for Lev and Del
antibiotics. The hydrogel was produced in a bead form. The effect
of independent variables on the hydrogel bead swelling and cross-
link degree was statistically evaluated via response surface method-
ology (RSM) using central composite design (CCD). The antibiotic
absorption efficiency of the hydrogel beads was measured using
reversed-phase HPLC (RP-HPLC). The adsorption isotherm and
kinetics were also done on the samples. The shape and morpho-
logical feature of the beads was investigated by SEM before and
after antibiotic adsorption.

EXPERIMENTAL SECTION

1. Materials

Pectin was purchased from Merck Co, silver nitrate, sodium peri-
odate, acetic acid, trimethylamine, bufter phosphate, ninhydrin, iso-
propanol, glycine gum arabic and glycine were supplied by Sigma
Aldrich. Levofloxacin (LVX), 98% Delafloxacin (DLX) were sup-
plied by Tehran Darou.
2. Preparation of OGA

The oxidation method was similar to that described in earlier
work [22]. For 10% oxidation, 10 g (0.058 mol) of GA was dissolved
in 80 mL distilled water, and 1.24 g of sodium periodate was dis-
solved in 20 mL water. The sodium periodate solution was mixed
with GA solution and then stirred for six hours at room tempera-
ture in dark. For periodate removal, a dialysis tube of MWCO
6000-8000 was employed for three days against distilled water.
Purification was checked by adding 1 mL of silver nitrate solution
(1%) to 1 mL of the dialysate. The purified dialysate was then fro-
zen and lyophilized.
3. Preparation of OGA Cross-linked P/O-CMCS Beads

O-CMC with a degree of substitution of 0.35 was made similar
to reference [23]. OGA cross-linked P/O-CMCS beads were for-
mulated using the experimental design presented in Table 1. The
beads were prepared according to a general method with some
modification [24-26]. The ratio of pectin and O-CMCS was 1:1,
and kept constant in all experiments. Pectin and OGA were sepa-
rately dissolved in distilled water (10 ml) and stirred at 30°C to
obtain homogeneous solutions. O-CMCS powder was dissolved in
10 ml of 2% acetic acid and stirred at 25 °C. The solutions of pec-
tin and O-CMCS were carefully mixed, and then OGA solution
was added while the mixture was stirred until the beads were pro-
duced. Continuous stirring improved the bead mechanical strength
and prevented the accumulation of material. The beads were fil-
tered and then washed with hot and cold water followed by vac-
uum drying at 35 °C. Dried samples were wrapped in aluminum

Table 1. Relationship between the coded and real variables for RSM

Levels
Variables Codes  Units
-a -1 0 1 +a
Time X, min 5 10 15 20 25
pH X, - 1 3 5 7 9
Temperature X °C 50 60 70 80 90
OGA X, % 5 15 25 35 45

foil and stored in a desiccator for further use.
4. Infrared Study

Interactions between the components were investigated via Fou-
rier transform-infrared (FTIR) spectrophotometer supported by
(Thermo Scientific) NICOLET iS10, from 600 to 4,000 cm " at a res-
olution of 4cm™.
5. SEM

The morphological characterization of the optimized hydrogel
beads before and after antibiotics adsorption was visualized using
SEM type (LVEM5 Benchtop Electron Microscope) as shown in
Fig. 9 and Fig. 10, respectively.
6. Swelling Study

The dynamic swelling study was carried out for the prepared
beads by mass measurement in different pH value of phosphate buf-
fer solutions (pH 7.1 and 3.9). The swelling degree was measured
gravimetrically by weight of the sample before and after swelling,
and computed as follows:

%8, = Wo, 10 1)
=W,
where S,, is the swelling index, W, and W, are the weight of the
swollen beads at time t and the weight of the dry beads, respec-
tively. The swelling indices were obtained after 24 hours.
7. Design of Experiment

Response surface methodology (RSM), a series of mathematical/
statistical techniques, uses experimental data to find regression model
equations and operating conditions [27]. Central composite design
(CCD) is the most commonly used fractional factorial design used
in the response surface model for building a second order (quadratic)
model for the response variable without needing to use a complete
three-level factorial experiment. Analysis of variance (ANOVA) is
a conceptually simple, powerful, and popular way to analyze the
differences among three or more population means.

The effect of material compositions on the swelling and cross-
link degree was investigated with the aid of the design of experi-
ments (DOE) technique. CCD was employed in which the input
parameters were the effective factors (reaction time, reaction tem-
perature, reaction pH, and OGA concentration). Four levels were
assigned for the input parameters that are listed in Table 1.

RSM computations were performed by Design-Expert software
(ver. 12.0). Twenty random experiments were proposed for six repli-
cates in the mid-points. The mathematical empirical model was
defined as:

n n-1 n n
Y= ﬁ0+_zl Bx;+ 2; Zl ﬂ,.jx,.xj+zl Bixi+e @)
i= i=1 j=i+ i=

where Y is the response or dependent variable (Y,=Swelling Ratio
and Y,=Crosslink Degree). X; and X; represent the independent
variables (X,=reaction time, X,=reaction pH, X;=reaction tempera-
ture and X,=OGA content). i and j are the indices; &, B, B, 3 are
the coefficients of the regression; and & represents the random error.
Significant differences between the independent variables (p<0.05)
were determined by analysis of variance (ANOVA).
8. Crosslink Degree Determination

The crosslinking degree was determined based on the amino
groups [28]. Dried hydrogel of 8 mg was placed in the mixture of
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deionized water (8 mL) and ninhydrin solution (4 mL) and warmed
at 100°C for up to 20 min. Afterward, the sample was cooled to
room temperature, and then 20 mL 50% isopropanol was added
to the mixture. A spectrophotometer at 570 nm was used to esti-
mate the absorbance. The concentration of free amino groups was
obtained using a standard curve of glycine concentration versus
absorbance. The crosslinking degree was calculated as below:

MM, 100 3)
MO

Crosslink degree=

where, M,, and M, was the mole fraction of free amino groups in
uncross linked and cross linked sample, respectively.
9. Adsorption Study

Different weights (0.5-5 g/L) of optimized hydrogel sample (OHS)
were added to a group of 250 mL flasks with 100 mL of the VLX
and DLX solutions of various initial concentration (25-225 ppm)
at different pH (1-11). The flasks were shaken with a speed of 200
rpm at different temperatures (25-55) for different time intervals.
The amount of VLX and DLX adsorption was determined using
an RP-HPLC (HPLC, ECIL, 4100) equipped with UV/V (mode
14200) and C18 column (250 mmx4.6 mm, 5 pum). The flow rate
was adjusted to 1 mL/min, the wavelength was set at 320 nm for
the volume injection of 500 pL. Mobile phase (Methanol/Buffer
40/60; Buffer 25 mM phosphate and 15%v/v triethylamine) with
flow rate 1 ml/min was applied. Each adsorption experiment was
performed three times and the data were averaged.

RESULTS AND DISCUSSION

1. Design of Experiment

The behavior of the crosslink reaction and swelling indices was
investigated by considering the effect of four reaction parameters,
including the reaction time, temperature, pH, and the concentra-
tion of OGA applying the CCD-RSM method. The experimental
results of the impact of the reaction parameters on swelling and
crosslink degree of the prepared hydrogels at neutral medium (7.1)
are shown in Fig. 2. To investigate the effect of each component on
the hydrogel characterization, the DOE technique was employed.
The input variables of a CCD were chosen as reaction time (min),
temperature (°C) and pH, and the amount of OGA (%) to study
their impact on the swelling and crosslink degree of the prepared
hydrogel. The hydrogel was fabricated using the compositions sug-
gested by the DOE matrix that are shown in supplementary file
(Table S1) along with the experimental results. The relation between
the hydrogel content and the material compositions was as follows:

Y,=+80.03—16.51X,— 14.41X,— 10.23X,— 10.05X,
+0.0250X,X,— 1.66X,X,— 0.0250X,X,+0.4 X,X,— 1.84 X,X,
—0.9 X,X,+3.01X3+8 47X~ 1.31X2+6.93X2 @

Y,=76.60+7.48X,+8.20X,+8.69X;— 4.05X,+0.0063X,X,
+0.4563X,X,—0.0063X,X,—0.0063X,X;+0.3562X,X,
—0.0562X,X,— 1.17X;—5.33X3+1.39X3— 5.61X; (5)

where, Y, and Y, are the swelling and crosslink degree, respectively:
X}, X, X5, and X, represent the time, PH, temperature, and OGA
content, respectively. The ANOVA data of the quadratic models
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were listed in supplementary file (Table S2). As can be seen, the F-
value for Y, and Y, was equal to 676.83 and 1,410.19, respectively.
Both models suggest a very low p-value (<0.00001), which con-
firmed the high significance of the models for data approximation.
The R’ values for Y, and Y, were 0.9984 and 0.9992, respectively;
which confirmed good agreement between the experimental and
the estimated data by the models. Dada in supplementary file (Fig.
S1) demonstrate that the significant interaction between the input
variables was X, X, (time and PH), X,X, (Temperature and OGA)
and also X;X, (PH and OGA).

Fig. 2(a) and (d) show the variation of the swelling indices and
crosslink degree of the hydrogels based on PH and time variation,
respectively. Swelling indices decreased with the increasing of the
pH of the reaction medium up to neutral pH (~7). After that, a fur-
ther increase in pH led to a decrease swelling index. The obtained
data confirm that the swelling process of the prepared beads was
pH-sensitive. The swelling behavior of the beads in a neutral medium
can be related to the high hydrophilicity of the hydrogel chains (-OH,
-COOH, and NH2- polar groups of the OGA, Pectin, and O-
CMCS, respectively). In neutral pH, water tends to diffuse into the
hydrogel chains to make a hydrogen bond with the -OH, -COOH,
and NH2- groups. Filling up the space along the chains resulted in
increased swelling capacity. A reversed pattern was demonstrated
for the crosslinking degree as PH varied. By increasing the reaction
time, the crosslinking degree increased. Then the crosslinking degree
seemed to level off at 37% without any further appreciable change.
That behavior indicates that the maximum possible crosslink takes
place. Over time, the reaction medium became more viscose. Higher
viscosity leads to a decrease in the chains accessibility for link together
by covalent crosslink. The trend of the swelling degree is inverse.
The swelling index showed a downward trend as the time reac-
tion increased.

The structure of the pectin/O-Carboxymethyl chitosan cross-
linked with oxidized gum arabic (OGA-Pc-O-CMCS) may have
been obtained via the formation of covalent bonds between the
hydroxy groups of the D-galacturonic acid residue present in the
structure of pectin and the carbonyl group located in one end of
the oxidized gum Arabic; the other free end of the oxidized gum
Arabic molecule binds at two hydroxyl and amine groups present
in the chain of the O-Carboxymethyl Chitosan (Fig. 1).

The effect of the OGA concentration and reaction temperature
on the swelling indices and crosslink degree are illustrated in Fig.
2(b) and (e), respectively. As the reaction temperature increased,
the swelling indices decreased, while the crosslinking degree in-
creased. The variation of the swelling indices versus the OGA con-
centration shows a minimum while a maximum is seen in the cross-
link degree profile in different OGA concentrations.

The impact of the OGA content and temperature on swelling
indices and the crosslink degree is presented in Fig. 2(b) and (d),
respectively. As the amount of OGA increased, the curve of the swell-
ing indices changed concavely, whereas the crosslinking degree
varied convexly. For an optimum crosslink, a balance between the
number of amino groups and aldehyde groups is needed. Too high
or too low amount of each moiety reduced the interactions. Increas-
ing the OGA content led to an increase in the viscosity of the
sample and consequently decreased the mobility of the chains and
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the possibility of the interaction. However, besides the viscosity,
the quantity of the functional groups also impacts the crosslink
process. The concave and convex behavior is demonstrated in the
swelling indices and crosslink degree profiles as the PH increased,
while the OGA content and the other parameters remained con-
stant. The sensitivity to the PH can be attributed to the polyanionic
nature of the pectin and OGA and the virtue amphoteric prop-
erty of the OCS. In the pH range of 2-7, the crosslink reaction
between aldehyde, carboxylic, and amino was increased gradually
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and then it was reduced steadily. In the acidic pH phase, the amino
groups of O-CMCS were in the protonated form that prevented
the crosslink occurrence. The isoelectric point of O-CMCS occurs
within the pH range of 8-9 where the molecule does not change
and phase separation happens. Before the isoelectric point, gelation
takes place rapidly so the most suitable pH for the crosslink reac-
tion is estimated as pH 6 (supplementary Fig. S1).

The profiles for obtaining the optimum values of the effective
parameters and desirability function of the swelling and crosslink
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degree are shown in Fig. 3, which indicates that optimum opera-
tional parameters values were 15 min, 6, 60 °C and 15%wt for the
time, pH, temperature and OGA, respectively. At the optimum con-
ditions, the swelling and crosslink degrees were 101.35 and 70.55,
respectively, with overall desirability of 0.95.

At the optimum condition, the swelling indices of 101.35% (reac-
tion time 15 minutes, OGA 15 wt%, 60 °C, PH 6), were predicted
for the beads swelling at pH 7.1. The desirable regression coeffi-
cients of the swelling processes in a neutral medium indicated the
models ability to explain the experimental results.

2. Antibiotic Adsorption

In the next sections, the effects of different adsorption parame-
ters such as initial VLX and DLX antibiotics concentration, tempera-
ture, prepared hydrogel dosage, solution pH, and contact time on
the efficiency of the removal process are explored experimentally.
2-1. Effect of Initial Antibiotics Concentration

The experimental results of the antibiotic adsorption onto the
hydrogel in neutral buffer solution pH (7.1) areshown in Fig. 4.
The adsorption efficiency (q;) and antibiotic removal (%) for dif-
ferent antibiotic initial concentrations are demonstrated on the left
and right vertical axes, respectively. The experiment was carried out
for various initial amount of antibiotic, whereas all other parame-
ters were constant (contact time: equilibrium time, hydrogel content:
0.5g/L and pH 7). The results indicate that the antibiotic removal
of the prepared hydrogel gradually decreased while its adsorption
capacity increased as the initial concentration of the DLX and LVX
increased. The antibiotic removal efficiency decreased from 53.4%
to 30.8% for DLX and 49.1-26.2% for LVX with an increase in the
initial antibiotic content from 25 to 225 mg/L. It should be noted
that because the active adsorption sites on a given mass of the
adsorbent was approximately fixed; therefore when the initial anti-
biotic concentration in the solution increased, the quantity of the
active sites on the hydrogel adsorbent was not sufficient to adsorb
all antibiotic molecules and, therefore, antibiotic removal was reduced.
The amount of adsorbed species onto the OGA-Pc-O-CMCS hydro-
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Fig. 4. The adsorption efficiency (q,) and antibiotic removal (%) for
different antibiotic initial concentrations on the left and right
vertical axis. Various initial antibiotic (DLX and LVX) con-
centration was shown on the horizontal axes.

gel at equilibrium, q, (mg/g), increased with increasing antibiotic
concentration at constant adsorbent dose 0.5 gL™". The experimental
result shows that by increasing the initial DLX and LVX concen-
tration from 25 to 225 mg/L, antibiotic adsorption onto the OGA-
Pc-O-CMCS hydrogel adsorbent increased from 26.7 and 24.5
mg/g to 139 and 1182 mg/g for DLX and VLX, respectively. At
higher initial concentrations, an increase in concentration gradi-
ent between the antibiotic molecules in the solution and those on
the hydrogel adsorbent leads to increasing the driving force of the
absorption and adsorption capacity.

The data show that the removal efficiency and the adsorption
capacity of OGA-Pc-O-CMCS hydrogel adsorbent for DLX were
higher than LVX, which could be due to more interactions between
the DLX and OGA-Pc-O-CMCS as compared to LVX and OGA-
Pc-O-CMCS.

2-2. Effect of Adsorbent Dosage

The effect of adsorbent dose on the adsorption capacity and
removal efficiency of prepared hydrogel adsorbent was examined
in a series of adsorption experiments conducted with different ad-
sorption dosages, varying from 0.5 to 5 g/L, while other parameters
were kept constant (equilibrium time, initial antibiotic 25 mg/L,
and pH 7). The results are drawn in Fig. 5. The adsorption capac-
ity of the hydrogel adsorbent decreased from 26.7 to 3.1 mg/g for
DLX and from 24.5 to 2.1 mg/g for LVX as the adsorbent doses
changed from 0.5 to 5 mg/g. As can be seen from Fig. 5, the maxi-
mum removal of the DLX and LVX antibiotics was observed at
1 g/L concentration of OGA-Pc-O-CMCS Hydrogel adsorbent. This
may because of the existence of higher vacant adsorption sites at
this adsorbent dose. The maximum adsorption of DLX was 84.1%
and for LVX it was 56%.

As the dosage of OGA-Pc-O-CMCS is increased, the value of q,
is decreasing throughout the process. This can be due to increas-
ing in the solution viscosity, reducing accessibility to the adsorp-
tion sites, and a growth in the diffusion path length after the addition
of a large amount of the hydrogel adsorbent.
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Fig. 5. Adsorption efficiency (q,) and antibiotic removal (%) for dif-
ferent adsorption dosages on the left and right vertical axis.
Various adsorption dosages are shown on the horizontal axes.
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Fig. 7. Zeta-potential of OGA-Pc-O-CMCS hydrogel at different PH.

2-3. Effect of pH

The initial value of pH of the aqueous solution significantly im-
pacts the adsorption reaction by controlling the electrostatic inter-
action between the materials. The effect of the solution pH on the
antibiotic adsorption capacity and removal efficiency was investi-
gated at pH 1-11 (equilibrium time, adsorbent dose: 0.5 g/L, and
temperature: 303 K) in Fig. 6. As can be seen, the removal efficiency
increased from 18% to 54% for DLX and from 21% to 49% as pH
increased from 1 to 7. With the further increase in pH to 11, the
removal efficiency decreased to 43% for DLX and 36% for LVX.
Zeta-potential of OGA-Pc-O-CMCS hydrogel at different PH is
given in Fig. 7. The data indicate the neutral charge of the hydro-
gel at pH 3-4. In the lower pH, the hydrogel became positively
charged and in the higher PH, the hydrogel was negatively charged.
However, the protonated amine group of the antibiotics mole-
cules can be adsorbed by a negatively charged hydrogel adsorbent.

Zeta-potential of OGA-Pc-O-CMCS hydrogel at different PH is
shown in Fig. 7. At low acidic pH both the hydrogel and antibiot-
ics are positively charged so the absorption is low. By increasing
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Temperature (°C)

Fig. 8. Adsorption efficiency (q,) and antibiotic removal (%) for dif-
ferent adsorption dosages on the left and right vertical axis.
Temperature is shown on the horizontal axes.

the pH to 7, the hydrogel becomes negatively charged, which leads
to an increase in the attractive force and consequently maximum
adsorption. DLX and LVX are deprotonated at a neutral pH, which
enhances hydrogen bond formation between polar functional groups
(NH, COOH, and OH) on the hydrogel and antibiotic molecules.
After that, the hydrogel becomes more negatively charged, while
the antibiotics become negative at higher pH (more than pH 7) as
they are in their zwitterionic form. As a result, the repulsion de-
creases the adsorption. The obtained data show that the hydrogel
adsorbent has better removal efficiency for DLX than LVX because
of the presence of a free primary amine moiety in the DLX molecule.
2-4. Effect of Temperature

The effect of temperature on the adsorption of DLX and LVX
onto OGA-Pc-O-CMCS hydrogel is shown in Fig. 8. By raising
temperature from 25 °C to 45 °C the rate of adsorption is enhanced,
which means the process is naturally endothermic. When the tem-
perature is increased, the matrix of OGA-Pc-O-CMCS hydrogel
opens up, and the diffusion rate of the adsorbent molecule is in-
creased. Beyond 45 °C, the rate of adsorption decreases, indicat-
ing that at a higher temperature the desorption was higher than
adsorption.
2-5. Effect of Contact Time

The influence of the contact time on the DLX and LVX removal
by OGA-Pc-O-CMCS hydrogel is illustrated in Fig. 9, at hydrogel
dose of 0.5 g/L, initial antibiotic concentration of 25 mg/L and dif-
ferent time periods (2 to 120 min). The experimental data reveal
that with increasing contact time both the adsorption and the re-
moval efficiency increased and reached the maximum value after
60 min. The antibiotic removal was rapid initially and then became
slow and eventually reached equilibrium. At the beginning of the
adsorption process, there was a large number of vacant sites for
the adsorption, so the reaction was fast. Over time, the vacant sites
became occupied and, consequently, the rate of adsorption de-
creased. The data of the equilibrium time for different adsorbent
doses from 0.5 to 5 g/L demonstrate that by increasing the adsor-
bent dose, the necessary time to reach the equilibrium condition
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Fig. 9. The effect of contact time on the removal of DLX and LVX
by OGA-Pc-O-CMCS hydrogel.

decreased, diagram inside Fig. 9.
2-6. FTIR

The chemical interactions between pectin, O-carboxymethyl chi-
tosan, and oxidized gum arabic as the crosslinking agent and the
antibiotics were investigated by the aid of FTIR spectrum (shown
in Fig. 10). The spectrum of OGA-cl-Pc-O-CMCS (Fig. 10(a)) has
a peak at 3,402 cm’" as a result of the stretching of -OH and N-H
groups. The other peaks at 2,932cm™’, 1,595cm ™" and 1,078 cm™
demonstrate C-H stretching vibration, N-H bending, and C-O
stretching, respectively. The peaks at 1,650 cm™" and 1,730 cm ™" were
for amide and ester stretching as a result of the reaction between
the aldehyde group of OGA and amine groups, and the hydroxyl
group of pectin/chitosan chains. The appearance of the character-
istics peaks at 3,268 cm™ and 1,048 cm™ (-COOH stretching), 2,848
cm’, and 1,620cm™" (alkanes -CH3 and aromatic rings, respec-
tively), 1,725 cm™ (C=O stretching vibration of the COOH group),
839cm™' (C-F peak) indicate VLX successful adsorption by the
hydrogel. The appearance of the chrematistics peaks of the func-
tional groups including -O-H stretching (3,345.89 cm™), -C-H
stretching (3,075.94 cm™), ketone -C=0 stretching (1,715.37 cm™),
carboxylic -C=0 stretching (1,623.77 cm ™), C-F stretching (1,114.65
cm') and C-Cl stretching (840.63 cm™') confirmed the DLX ad-
sorption by the prepared hydrogel.
3. Isotherm Study

Applying the adsorption isotherms explains the mutual behav-
ior between antibiotic content in the solution and the antibiotic quan-
tity that was adsorbed into the adsorbent [29]. In the present study,
three different adsorption isotherm models, including Langmuir,
Freundlich, and SIPs models, were used to analyze the experimen-
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Fig. 10. FTIR spectra of (a) OGA-cl-Pc-O-CMCS, (b) OGA-cl-Pc-
0O-CMCS+LVX, (c) OGA-d-Pc-O-CMCS+DLX.

tal data. Various fitting parameters obtained from these models are
shown in Fig. 11 and Table 2. For more details about the Lang-
muir and Freundlich isotherms refer to [30], and the details of the
SIPs model can be found in [31,32].

For adsorption, the SIPs model presented the best fit, repre-
sented by a high correlation coefficient (R%) of 0.999 for DLX and
0.997 for LVX compared to the other models. Maximum adsorp-
tion capacities (Qm) of DLX and LVX calculated by the SIPs iso-
therm model are 147.6 mg/g and 155.5 mg/g, respectively. The dif-
ference between the maximum adsorption capacities for two anti-
biotics was because of the difference in the nucleophilicity amount
of the components. The adsorption profile matched well with the
SIPs model and was also very close to the Langmuir model because
of the dominant monolayer adsorption of both antibiotics onto
the OGA-Pc-O-CMCS hydrogel.

4. Adsorption Kinetics and Thermodynamic Studies

The nature of adsorbate and adsorbent molecule bonding can

be generalized by the aid of the adsorption kinetics [33]. For the

Table 2. Adsorption isotherm parameters obtained from Langmuir, Freundlich, and SIPs models for DLX and LVX

Langmuir Freundlich SIPs
Sample > > >
q (mg/g) K, (L/mg) R K; (mL/g) R Qm (mg/g) Ks (mL/mg) 1/n R
LVX 200 0.015 0.98 6.04 0.63 0.94 155.5 0.008 0.76 0.997
DLX 171 0.013 0.99 5.58 0.61 0.96 147.6 0.011 0.9 0.999

Korean J. Chem. Eng.(Vol. 39, No. 5)
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Fig. 11. Various fitting parameters obtained from (a) Langmuir model, (b) Freundlich model, and (c) SIPs model.

adsorption of DLX and LVX on the OGA-Pc-O-CMCS hydrogel,
all the test conditions were set at the optimized values. The appro-
priate equilibrium time was approximately within 120 min for both
antibiotics. The complete adsorption kinetics was investigated using
two models of pseudo-first-order and pseudo-second-order kinetic
models. The constant parameters and correlation coefficient of both
models are demonstrated in Fig. 12 and listed in Table 3. These data

show that the kinetics involved in the DLX and LVX adsorption
represents cooperative adsorption. The reason can be discussed by
pseudo-second-order kinetics and the molecular chemical interac-
tions. At optimum PH (~7), the value of k, is 18 and 15 for DLX
and LVX, respectively. The higher value of k, for DLX indicates
the strong affinity of OGA-Pc-O-CMCS hydrogel for DLX in com-
parison with LVX. For both antibiotics, the kinetic data fitted well

Table 3. Constants and correlation coefficient of pseudo-first-order and pseudo-second-order kinetic models

Qe Pseudo-first-order Pseudo-second-order
Sample pH —

(mg/g) R’ Q. (mg/g) K, (min™) R’ Q. (mg/g) K, (mg/g-min)x10*

10.3 0.874 19.6 0.056 0.992 16.1 3.6

LVX 7 24.5 0.982 24.1 0.047 0.993 294 15

11 18.1 0913 23.7 0.032 0.985 7.4

9 0.971 18.7 0.041 0.991 154 5.6

DLX 7 26.7 0.954 24.8 0.044 0.986 32.1 18

11 214 0.972 28.5 0.054 0.987 27.3 8.2

May, 2022
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Fig. 12. The constants and correlation coefficient of (a) pseudo-first-order and (b) pseudo-second-order kinetic models.

Table 4. The values of AG’, AS’ and AH’ for DLX and LVX absorp-
tion onto OGA-Pc-O-CMCS hydrogel

AG’ AS’ AH’ (Kj/mol)
Temperature
DLX FLX DLX FILX DLX FLX
25 =2 -3.1
35 -26 38 57.7 581 152 16.8
45 -31 —46

Fig. 13. FE-SEM micrograph of (a) OGA-cl-Pc-O-CMCS, (b) OGA-
c-Pc-O-CMCS+LVX, (c) OGA-c-Pc-O-CMCS+DLX and
(d) OGA-d+Pc-O-CMCS+45% OGA.

to the pseudo-second-order kinetics with correlation coefficient of
0.99.

The values of AG’, AS’, and AH’ for both antibiotics are pre-
sented in Table 4. Negative values of AG” for DLX and LVX indi-
cate the spontaneous nature of the adsorption reaction. The higher
negative value of AG’ at higher temperatures revealed that the ad-
sorption was more conceivable at higher temperatures. The posi-
tive value of AH’ represented that the adsorption process was endo-
thermic for both antibiotics.

5. Morphological Properties

The morphological characterization of the optimized hydrogel
before and after antibiotics adsorption was visualized using FE-
SEM as shown in Fig. 13(a)-(d). It can be seen that, before antibi-
otics adsorption, the structure of the beads was homogeneous, intact,
and compact with a dense surface (Fig. 13(a)). After LVX or LDX
adsorption, the crystalline layers of the antibiotics were formed
within the hydrogel domain (as shown in Fig. 13(d)).

CONCLUSION

In the present work, an impressive method was extended for
antibiotics removal from water by hydrogel. The prepared hydro-
gel consists of Pc/OCS cross-linked by gum arabic that is fabricated
by a facile co-precipitation/crosslink technique. The adsorption data
show that OGA-Pc-O-CMCS hydrogel was a proper adsorbent for
the removal of antibiotics Delafloxacin (DLX) and Levofloxacin
(LVX) from a water system. It was observed that the adsorption
efficiency of DLX was more than LVX because of the q,, value,
171 mg/g for DLX and 200 mg/g for LVX. DLX represented bet-
ter nucleophile in comparison with LVX; therefore, higher adsorp-
tion was taking place for DLX. The nucleophilicity distinction be-
tween the two antibiotics originated from different groups of flour
and amine groups in DLX and LVX. Different nucleophilicity of
the antibiotics led to different interactions with the OGA-Pc-O-
CMCS hydrogel. The SIPs model fitted better to the data com-
pared to the Langmuir and Freundlich models. The performance
of the synthesized hydrogel indicates that this type of hydrogel sys-
tem can be a desirable and efficient adsorbent for antibiotic ab-
sorption.

Korean J. Chem. Eng.(Vol. 39, No. 5)
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Table S1. DOE matrix and results

Run X, (Time) X, (Temp) X; (PH) X, (OGA) Y, (Swelling) Y, (Crosslink Degree)
1 10 3 60 15 144.5 46.6
2 20 3 60 15 114.8 60.1
3 10 7 60 15 116 62.3
4 20 7 60 15 89.8 75.8
5 10 3 80 15 127 63.2
6 20 3 80 15 92.3 78.5
7 10 7 80 15 105 78.8
8 20 7 80 15 67.2 94.2
9 10 3 60 35 129.1 379

10 20 3 60 35 994 514
11 10 7 60 35 96.6 55

12 20 7 60 35 66.9 68.5
13 10 3 80 35 109.6 54.2
14 20 3 80 35 74.9 69.6
15 10 7 80 35 77.1 714
16 20 7 80 35 424 86.7
17 5 5 70 25 127 55.9
18 25 5 70 25 57.5 87.9
19 15 1 70 25 142.9 389
20 15 9 70 25 85.3 71.6
21 15 5 50 25 96 64.8
22 15 5 90 25 54 99.5
23 15 5 70 5 128.1 62.3
24 15 5 70 45 87.8 46

25 15 5 70 25 83.5 78

26 15 5 70 25 84.2 78.1
27 15 5 70 25 81 77

28 15 5 70 25 78.7 76

29 15 5 70 25 79.7 76.5
30 15 5 70 25 824 77.6




Table S2. ANOVA data for the two response-surface models

Y, (Swelling) Y, (Crosslink degree)
Source Sum of square df Mean square F-value Prob>F  Sum of square df Meansquare F-value  Prob>F
Model 19,814.628 14 1,415.33 676.83  <0.0001 6,821.07 14 487.22 1,410.19  <0.0001
X 6,540.60 1 6,540.60 3,127.81  <0.0001 1,342.51 1 1,342.51 3,885.70  <0.0001
X, 4,982.40 1 4,982.40 2,382.66  <0.0001 1,612.12 1 1,612.12 4,666.05 <0.0001
X3 2,513.30 1 2,513.30 1,201.90  <0.0001 1,811.34 1 1,811.34 5,242.67  <0.0001
X4 2,424.06 1 2,424.06 1,159.22 0.9458 394.47 1 394.47 1,141.74  <0.0001
XX, 0.0100 1 0.01 0.0048 0.0003 0.0006 1 0.0006 0.0018 0.9666
XX, 44.22 1 44.22 21.15 0.9458 3.33 1 3.33 9.64 0.0072
XX, 0.0100 1 0.01 0.0048 0.2860 0.0006 1 0.0006 0.0018 0.9666
XX 2.56 1 2.56 1.22 0.0001 0.0006 1 0.0006 0.0018 0.9666
XX, 54.02 1 54.02 25.83 0.0250 2.03 1 2.03 5.88 0.0284
XX, 12.56 1 12.96 6.20 0.0001 0.0506 1 0.05 0.1465 0.7072
X’ 247.89 1 247.89 118.54 0.0250 37.67 1 37.67 109.02  <0.0001
X, 1,967.17 1 1,967.17 940.73  <0.0001 780.50 1 780.50 2,259.03  <0.0001
X 46.80 1 46.80 22.38 <0.0001 53.04 1 53.04 153.52  <0.0001
X7 1,317.73 1 1,317.73 630.16 0.0003 863.04 1 863.04 2,49795  <0.0001
Lack of fit 21.05 10 211 1.02 <0.0001 3.28 1 0.32 0.8663 0.6070
(@
L, 5
g & Setevsesetese: L
E

Fig. S1. Response surfaces plots for different variables at optimum conditions.
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